Social cognition develops in the context of reciprocal social interaction. However, most neuroimaging studies of mentalizing have used noninteractive tasks that may fail to capture important aspects of real-world mentalizing. In adults, social-interactive context modulates activity in regions linked to social cognition and reward, but few interactive studies have been done with children.
. Recent work from our group has shown a similar effect even when participants do not engage in reciprocal interaction. Simply hearing short spoken vignettes with no explicit social-cognitive demands activated left TPJ and right dMPFC more when the participants believed the speech was live than when they knew it was prerecorded , suggesting that the mere presence of a potential social partner is sufficient to automatically engage the mentalizing network.
A compelling interpretation of these findings is that each task, though not requiring overt mental state reasoning, nevertheless evoked spontaneous mentalizing. However, the validity of this reverse inference is threatened by the apparent heterogeneity of function of the brain regions in question, particularly the TPJ (Corbetta, Patel, & Shulman, 2008; Lee & McCarthy, 2016; Schuwerk, Schurz, M€ uller, Rupprecht, & Sommer, 2017) , STS (Redcay, 2008) , and dMPFC (Isoda & Noritake, 2013) , all of which have been linked to domain-general processes in addition to social cognition. Moreover, it remains unclear whether regions engaged in offline mentalizing are precisely the same as those recruited during social interaction. Given the evidence of functional segregation within regions broadly implicated in social cognition (e.g., Gilbert et al., 2007; Krall et al., 2015; Mars et al., 2012) , we cannot rule out the possibility that adjacent areas are differentially involved in social interaction versus offline mentalizing, and such distinctions may be obscured when comparing activation across samples and task designs. The gap in our understanding of how the brain's mentalizing system is affected by interactive context can only be bridged by paradigms that manipulate both social interaction and mentalizing demands within the same task and participants.
One commonly used paradigm does incorporate both elements within the same task: a strategic game in which participants play against a supposedly human partner and must ascribe mental states to their opponents to predict their next move (e.g., Gallagher, Jack, Roepstorff, & Frith, 2002) . Human conditions are contrasted with conditions in which responses are computer generated; thus, the computer conditions are neither socially interactive nor do they contain explicit mentalizing demands. Although such tasks suggest that social-interactive and offline mentalizing involve similar regions (e.g., Coricelli & Nagel, 2009; Gallagher et al., 2002; Kircher et al., 2009; McCabe, Houser, Ryan, Smith, & Trouard, 2001) , they cannot directly speak to any differences between types of mentalizing because they conflate social interaction and mentalizing within the same condition. Identifying the role of mentalizing regions in social interaction more broadly necessitates closely matched conditions contrasting mental and non-mental reasoning within both the social interaction and an offline control task.
Furthermore, mentalizing during social interaction may involve brain systems beyond the mentalizing network. In line with evidence that social interactions are inherently rewarding (Chevallier, Kohls, Troiani, Brodkin, & Schultz, 2012) , Redcay et al. (2010) found greater activation of the reward system (including ventral striatum and amygdala) when participants interacted with an experimenter through a live video feed versus watching a recording of the same interaction. Other studies have also shown that reward-related regions respond to socialinteractive context, such as gaze-based interactions (Pfeiffer et al., 2014) , initiating joint attention (Schilbach et al., 2010) , and considering whether to share information with others (Baek, Scholz, O'Donnell, & Falk, 2017) . Paradigms that elicit mentalizing while simultaneously capturing the motivational processes that likely differ between interactive and noninteractive contexts will provide a more holistic understanding of how we perceive other minds in real time.
Previous neuroimaging work in this area has also focused overwhelmingly on adults. Middle childhood (roughly, ages 7 to 13) is particularly understudied, despite evidence of significant social and neurocognitive development in this age range. Peer interactions become more complex (Bigelow, 1977; Farmer et al., 2015; Feiring & Lewis, 1991) , and this increasing sophistication in social behavior may be accompanied by advances in social cognition (reviewed in Miller, 2009; Devine & Hughes, 2013) . There is also evidence that across middle childhood, the TPJ becomes increasingly selective for representing mental states as opposed to more general social information, as revealed by an offline story-based task (Gweon, Dodell-Feder, Bedny, & Saxe, 2012) . Still, as in the adult literature, neuroimaging studies on the effect of social interaction on social cognition in middle childhood are scarce. In one such study, similar to the aforementioned study in adults , perceived live versus recorded speech engaged the TPJ and precuneus in children aged 7-13 (Rice, Moraczewski, & Redcay, 2016) . In a separate experiment in a similar age group, receiving feedback from a peer after sharing information about oneself activated social-cognitive and reward regions, and the magnitude of the social-interactive effect in social-cognitive regions increased with age (Warnell, Sadikova, & Redcay, 2018) . However, as discussed above, because these tasks lacked explicit mentalizing demands, we cannot definitively infer that mentalizing (and not some other computation relevant to social processing) occurred during social-interactive conditions, nor can we directly compare activation patterns associated with social-interactive versus offline mentalizing.
This study is the first (to our knowledge) to employ a 2 3 2 factorial design in which the effects of social context and mentalizing can be simultaneously examined. Inside the MRI scanner, children aged 8-12 engaged in a social prediction task in which they believed they were interacting with a peer in another laboratory (Peer condition) and answering questions about a fictional character (Character condition).
Across Peer and Character conditions, half the trials required the children to use mental state information when making predictions (Mental condition), while the other half did not (Non-Mental condition).
We hypothesized that regions of the traditional mentalizing network would be activated by the Mental versus Non-Mental contrast regardless of social-interactive context. We further hypothesized that mentalizing regions would be activated more in Peer than in Character conditions, suggestive of spontaneous mentalizing during social interaction regardless of explicit task demands, as in our previous studies . Further, through conjunction analysis, we determined the extent to which engagement in social interaction recruited the same neural resources as mentalizing did in the offline task.
The 2 3 2 factorial design also allowed us to assess whether there is an interaction effect between social interaction (Peer vs. Character) and explicit mentalizing demands (Mental vs. Non-Mental), though we considered several possible hypotheses. One possibility is that mentalizing regions show a greater difference in activation between Mental and Non-Mental conditions in the Peer as opposed to Character conditions, with the Peer Mental condition showing the greatest activation, which would suggest an additive effect of social interaction and explicit mentalizing demands. On the other hand, there may be less difference in activation of mentalizing regions between the two Peer conditions relative to the Character conditions. In other words, while we expect certain regions to show significantly more activation in Character Mental than in Character Non-Mental conditions, the Peer conditions might elicit a similar amount of activation in these regions regardless of whether the task contains explicit mentalizing demands, again suggesting that engaging with a social partner is sufficient to induce spontaneous mentalizing.
Beyond mentalizing regions, we predicted that the Peer versus Character contrast would activate reward regions such as the striatum and orbitofrontal cortex (OFC), in line with previous social-interactive experiments (Pfeiffer et al., 2014; Warnell et al., 2018) . Last, we examined whether our results would replicate previous findings that socialcognitive regions become increasingly specialized for mentalizing (Gweon et al., 2012) and social interaction ) across middle childhood. Altogether, the present study aims to capture the neural effects of social interaction during a dynamic yet understudied period of social development.
| M A TE RI A L S A ND M E TH ODS

| Participants
Children were recruited using a database of families in the Washington, DC, metropolitan area. Exclusionary criteria were any MRI contraindications, diagnosis of neurological or psychiatric disorders, or firstdegree relatives with autism or schizophrenia. All participants were fullterm, native English speakers. Thirty-five typically developing children aged 8-12 years participated in the study. Seven children were excluded from data analysis-two for excessive motion in the scanner, one due to a technical error during scanning, three for not believing the live illusion, and one who scored in the "moderate" range on the Social Responsiveness Scale, indicating clinically significant deficits in social interaction (Constantino & Todd, 2003 Before the scan, children were told they would be interacting ("chatting") with a peer in a different laboratory who would also be undergoing an MRI scan. During a demonstration of the chat (see Supporting Information), children learned they would chat with their partners only half the time; for the other half, they would answer questions provided by a computer about a fictional character of the same gender and age as the participant. Participants were then shown photos of two children (and had their own photo taken to enhance the live illusion), both matched to the participant's age and gender, and were told to choose one to be their chat partner (Supporting Information Figure S1 ). Photos were selected from the NIMH Child Emotional Faces Pictures Set (smiling, direct gaze only; Egger et al., 2011) , as well as from Getty Images (www.gettyimages.com) and Google Images search to attain racial and ethnic diversity reflective of our participant population.
| fMRI task design
In the scanner, children played the role of the "guesser" in a social prediction game. In each trial they received a one-sentence hint about either their chat partner or a fictional character in a story (see Supporting Information for examples), then answered either "Which will I/she/ he pick?" (Mental) or "Which of these match?" (Non-Mental) by choosing via button-press between two choices. Each trial was divided into two phases: "Guess" (8 s), including the hint and choice periods, and Throughout each trial, either the chat partner's name (Peer) or the word "Computer" (Character) was displayed at the top of the screen.
| Stimuli presentation
The task was presented using PsychoPy (Peirce, 2009) in four runs of 24 trials (24 trials per condition total). Guess and Feedback periods were separated by a fixation cross presented for a jittered 2-6 s, centered around 3.5 s and distributed exponentially. Trials were separated by a fixation cross with the same jittered parameters. Trial distribution and inter-stimulus/trial intervals were optimized using Design Explorer (Moraczewski et al., unpublished software) , which minimizes collinearity between events in the design matrix. The resulting matrix was submitted to AFNI's 1d_tool program (Cox, 1996) to confirm that correlations between regressors of interest were minimal. A fixation cross was presented for 10 s at the beginning and 15 s at the end of each run. To maintain the live illusion, the chat partner's photo appeared at the end of every run.
| Posttest questionnaire
After the scan, participants answered a series of questions in which they rated on a scale of 1-5 their preference for and attention to the live partner versus the computer. The posttest also probed participants' matrix 5 512 3 512). Data were preprocessed using AFNI (Cox, 1996) . In the Peer trials, children believed they were interacting with a child being scanned in another laboratory, whereas in Character trials, they believed they were answering questions about a fictional character provided by a computer. All trials had predetermined peer or computer responses. A smiley face (Peer) or check mark (Character) in the Feedback period indicated a match between the child's response and the peer or computer response [Color figure can be viewed at wileyonlinelibrary.com] event, such that each modeled Guess period only lasted until the child responded. Regressors of no interest included the four Feedback conditions, the six motion parameters (x, y, z, roll, pitch, and yaw) and their derivatives, time points censored due to FD >1 mm, and polynomial terms (constant, linear, quadratic, and cubic) to model baseline and scanner drift.
At the second level, whole-brain comparisons between the four conditions were generated using mixed-effects multilevel analysis (3dMEMA Chen, Saad, Nath, Beauchamp, & Cox, 2012) Each model included age and mean FD as covariates. The same Haskins pediatric template used to normalize the data was resampled to match the functional data and then used as a structural mask (i.e., only voxels within this mask were analyzed). Contrast maps were first thresholded at p < .005 (two-tailed), then cluster corrected at alpha 5 0.05 (k 5 86, bi-sided, second nearest-neighbor). The cluster-size threshold was determined by averaging individual participants' non-Gaussian spatial autocorrelation function parameters and inputting these values We conducted partial correlations between these scores and age, controlling for mean FD, which was significantly correlated with age (r 5 20.38, p < .05). For the ROI analyses, p-values were corrected for multiple comparisons using Holm's sequentially rejective Bonferroni test, which is more powerful than the classical Bonferroni test (Holm, 1979) . Table 1 ). In contrast, no regions were significantly more active for Peer Mental than Peer Non-Mental. 
| Effect of social interaction
| Interaction effect
| Shared regions for mentalizing and social interaction
To examine shared regions for mentalizing and social interaction, we conducted a conjunction analysis to identify voxels that were significantly activated for both Character Mental > Character Non-Mental 
| Age effects
Whole-brain analysis showed no significant effects of age on the Mental versus Non-Mental contrast. A follow-up ROI analysis found no significant correlations between age and mentalizing activity within mentalizing ROIs (Mental > Non-Mental).
Conversely, the whole-brain Peer versus Character contrast revealed a negative effect of age in many frontal, temporal, insular, and subcortical areas (Supporting Information Table S1, Figure 7a ). Analysis of the same mentalizing ROIs as above found that age was significantly 
| D ISC USSION
This study examined the effect of perceived social interaction on brain activation in the context of a mentalizing task performed by children aged 8-12. By manipulating both social interaction and mentalizing within the same participants, we were able to directly assess shared and distinct neural mechanisms associated with each factor. Social interaction engaged many of the same regions as the offline We were also interested in how social interaction modulates the reward network. Taken together, our neuroimaging and behavioral results suggest that participants found Peer conditions more rewarding or motivating than Character conditions. The main effect of social interaction revealed activation in several components of the reward system, including medial OFC, dorsal and ventral striatum, thalamus, and amygdala (Berridge & Kringelbach, 2015; Schultz, 2015 Peer than in Character trials may reflect the participants' heightened motivation to interact with their partners. Overall, our results add to extant evidence that social interaction is intrinsically rewarding (Chevallier et al., 2012; Pfeiffer et al., 2014; Schilbach et al., 2010; Warnell et al., 2018) .
We also found that social interaction recruits areas outside both the mentalizing and reward networks. Peer more than Character conditions activated large portions of medial occipital cortex, which has been associated with mental imagery (Kosslyn et al., 1999; Kosslyn, Thompson, Klm, & Alpert, 1995) , and medial temporal regions linked to memory processes (Eichenbaum, Yonelinas, & Ranganath, 2007) . Because participants were shown photos of their partners before the scan and after each run, this activation could result from their recollection of these images during Peer trials. Future studies should explore whether visualization of one's social partner is inherent to social interaction (especially when one's partner is physically remote), as well as how social processing interacts with memory encoding and retrieval.
We found no effect of age on activation of mentalizing regions to Gweon et al., 2012, which included ages 5-11) and social interaction . However, these findings should be interpreted with caution given the possibility that the current and previous studies of this nature are underpowered to detect what may be subtle between-subjects effects (e.g., Cremers, Wager, & Yarkoni, 2017) .
Nevertheless, our analysis of mentalizing ROIs showed a consistent pattern, with differences in activation to Peer versus Character conditions decreasing with age in all ROIs. Though correlations between age and activation to Peer and Character conditions, respectively, did not reach significance, the decreasing difference may have been driven by increasing mentalizing in response to Character but not Peer conditions, which would accord with previous findings of increasing activation of dMPFC to noninteractive social stimuli across middle childhood and in adolescence relative to adulthood (reviewed in Blakemore, 2008) . It is also possible that our task is more similar to the real-life peer interactions of younger than older children. Prior research suggests that while younger children's friendships are based around common activities and other superficial aspects, children approaching adolescence increasingly value "empathy, understanding, and selfdisclosure" (Bigelow, 1977) -in other words, a level of intimacy unattainable within the constraints of our paradigm and with an unfamiliar peer. Still, these results warrant further investigation using larger-and ideally, longitudinal-samples to more firmly establish how the socialinteractive brain develops from childhood through adolescence.
Another limitation of our modest sample size is that we were unable to assess gender differences in brain activation related to mentalizing or social interaction. In adults, there is evidence of gender differences in the neural correlates of social cognition, though the direction of effects and the specific brain regions involved vary across studies (Adenzato et al., 2017; Frank, Baron-Cohen, & Ganzel, 2015; Krach et al., 2009; Veroude, Jolles, Croiset, & Krabbendam, 2014) . In middle childhood, some behavioral studies indicate a female advantage for mentalizing (e.g., Devine & Hughes, 2013) , which may relate to differential styles of interacting with peers, with girls more likely to form intimate relationships that demand perspective-taking (Maccoby, 1990, as cited in Devine & Hughs, 2013) . Whether these behavioral differences are mirrored by differences in brain activation during social interaction in middle childhood is yet unknown. Also unclear is whether the apparent gender differences pertain to mentalizing ability-which may be captured by offline tasks with explicit mentalizing demands-or the propensity to spontaneously mentalize in the context of a real-time social interaction. With a larger sample, our interactive mentalizing task may be particularly well-suited to answering these questions.
In sum, this study provides direct evidence that mentalizing and engagement with a social partner recruit many of the same neural substrates. Furthermore, social interaction elicits activation well beyond these offline mentalizing regions, including the reward system. Beyond advancing our nascent understanding of the social brain in middle childhood, the findings of this and other social-interactive studies may enable important insights into disorders such as autism spectrum disorder and social anxiety, which are defined by difficulties in real-world social interactions. Our ability to characterize these difficulties at the neural level hinges on developing an ecologically valid model of how the typical brain functions in the presence of other minds.
